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.•.BSTRACT 


The  flow  phenomenon  in  both  liquids  and  gasfts  of  tha  adharaaca 
of  a  jet  or  jet  sheet  to  a  solid  surface  has  been  namad  the  Coaitda  Effact. 
This  report  diiicusses  an  experimental  investigation,  which  has  again 
shown  that  the  Coanda  Effect  is  not  limited  to  attached  deflection  sur¬ 
faces  or  to  inclined  single  or  multiple  flat-plate  surfaces.  The  horison- 
tally  ejected  subsonic  ^nd  overchoked  jet  sheets  successfully  bridged 
horizontal  and  vertical  gaps  of  32  and  1C  times  the  nominal  jet  sheet 
thickness  (t  =  i/l6  inch)  respectively;  for  t  =  1/4  inch,  the  corresi>ond- 
ing  ratios  were  eight  and  two.  The  vertical  gap  was  increased  until  the 
flow  detached  from  the  deflection  surface.  Vertical  and  horizontal 
forces  acting  on  three  different  deflection  surfaces  were  measured  with 
a  strain  gauge  balance.  The  configurations  were  tested  at  nominal 
pressure  ratios  of  1.1,  1.  2,  1.7,  and  2.2,  and  the  sui'face  pressures 
we.e  recorded. 
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FOREWORD 


The  work  described  in  this  report  was  accomplished  by  the 
Institute  for  Aerospace  Studies,  University  of  Toronto,  Toronto, 
Canada,  for  the  U.  S.  Army  Transportation  Research  Command,  Fort 
Eustis,  Virginia.  This  report  represents  the  work  performed  under 
Contract  DA  44- 177 - AMC -  1 1  (T). 

The  project  was  conducted  by  the  University  cf  Toronto's 
Institute  for  Aerospace  Studies,  with  Dr.  G,  K.  Korbacher,  Associ¬ 
ate  Professor  of  Aerospace  Engineering  Sciences,  providing  the 
technical  direction.  Mr.  S,  D.  Benner,  author  and  chief  investigator, 
was  assisted  by  Messrs.  K.  Sridhar  and  P.  R.  Stephens. 
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SUMMARY 


This  experimental  investigation  of  the  deflection  of  two-dimensional 
jet  sheets  by  means  of  the  Coinda  Effect  by  surfaces  widely  separated  from 
the  nozzle  in  both  the  horizontal  aii:d  the  vertical  direction  has  again  shown 
that  the  Coanda  Effect  is  not  limited  to  attached  deflection  surfaces  or  to  in¬ 
clined  single  or  multiple  flat -plate  surfaces.  The  horizontally  ejected  f  b- 
sonic  and  overchoked  jet  sheets  successfully  bridged  horizontal  and  ver 
tical  gaps  of  32  and  10  times  the  nominal  jet  sheet  thickness  (t  =  1/ 16-inch) 
respectively;  for  t  =  1 /4-inch,  the  corresponding  ratios  were  eight  and  two. 
The  vertical  gap  was  increased  until  the  flow  detached  from  the  deflection 
surface.  Vertical  and  horizontal  forces  acting  on  three  different  deflection 
surfaces,  formed  by  a  combination  of  an  initia'  fiat  plate  '1 /4-inch  thick) 
followed  by  a  quadrant  of  a  circular  cylinder  of  2-,  3-.  and  4 -inch  radius, 
were  measured  with  a  strain  gauge  balance.  The  configurations  were  tested 
at  nominal  pressure  ratios  of  1.  1.  1.  2,  1.  7,  and  2.  2,  and  the  surface 
pressures  were  recorded. 
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CONCLUSIONS 


The  conclusions  which  the  presented  experimental  evidence 
suggests  on  the  turning  of  two-dimensional  subsonic  and  overchoked  jet 
sheets  by  means  of  detached  Coanda  surfaces  are  as  follows: 

(1)  The  Coanda  Effect  was  focnd  to  function  even  when  the  deflection 
surface  was  widely  sepai  ated  from  the  nozzle. 

(2)  The  thicker  the  jet  sheet  at  a  given  hoi  izontal  gap,  the  smaller 
the  possible  vertical  gaps  which  the  jet  sheet  can  bridge. 

(3)  The  thicker  the  jet  sheet  at  a  given  vertical  gap.  the  larger  the 
possible  horizontal  gaps  which  the  jet  sheet  can  bridge. 

(4)  The  larger  the  radius  of  the  deflection  surface,  the  larger  the 
possible  gaps, 

(5)  To  maintain  a  specific  lift  of  a  jet  sheet  on  r.  deflection  surface, 
any  changes  in  horizontal  gap  size  must  be  accompanied  by 
related  chamges  in  vertical  gap  size. 

(6)  For  a  given  low-pressure  ratio  jet  sheet,  the  maximum  lift  force 
occurs  at  rather  small  horizontal  (  t  m  1 /4-inch)  and  ver  tical 
(a  »  1/8 -inch) gaps.  With  increasing  pressure  ratio,  the  jet 
sheet  can  bridge  larger  gap  distances,  and  the  size  of  the  vertical 
gap  increases  faster  than  the  horizontal  gap  for  maximum  lift. 

The  ultimate  vertical  gap  sizes  dtpend  on  the  entrainment 
properties  of  the  jet  sheet  underside  in  the  wedge  between  the  jet  shf'cl 
and  the  Coanda  surface  just  before  the  jet  sheet  attaches  itself  to  the 
surface.  If  the  auction  pressure,  ^  P,  at  this  point  becomes  equal  to 
-2(t/RX(^/2)V^,  then  the  jet  sheet  will  become  attached  and  will  follow 
the  Coanda  surface.  Otherwise,  it  will  not  attach  itself. 
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INTRODUCTION 


The  flow  phenomenon  in  both  liquids  and  gases  of  the  adherence 
of  a  jet  or  jet  sheet  to  a  solid  surface  has  been  named  the  Coanda  Effect. 

N.  H.  Coanda,  a  Roumanian  inventor,  discovered  that  when  air  was  ejected 
from  a  rectangular  nozzle,  it  would  attach  tc  an  inclined  flat  plate  which 
is  connected  to  the  nozzle  exit  with  no  gap.  He  deduced  that  the  attachment 
was  produced  by  a  decrease  in  surface  pressure  in  the  sep>aration  bubble 
which  he  observed  to  form  just  downstream  of  the  nozzle  exit.  Emphasiz¬ 
ing  the  requirement  of  a  sharp  angle  between  the  nozzle  and  the  flat  plate, 
Coanda  applied  this  principle  to  a  series  of  deflecting  surfaces,  each  at  a 
sharp  angle  with  the  preceding  one,  cund  succeeded  in  turning  flows  through 
angles  as  large  as  180°.  In  this  investigation,  the  continuous  curve  of  the 
quadrant  of  a  circular  cylinder  was  used  as  the  "Coanda"  or  deflection 
surface. 


F'or  investigations  prior  to  1961,  the  deflection  surfaces  were 
attached  to  the  nozzle  with  no  intervening  gap.  In  References  1  and  5, 
the  Coanda  surfaces  were  detached  for  practical  reasons  only,  and  the  gap 
between  the  deflection  surface  snd  nozzle  was  approximately  1/ 100-inch, 
h  was  large  enough  to  provide  flex  bility  in  the  use  and  locaticn  of  differ¬ 
ent  deflection  surfaces  without  detrimental  effects  to  the  flow.  Obviously, 
detached  deflection  surfaces  are  preferable  for  practical  applicationB 
provided  that  the  permissible  gap  sizes  are  large  enough  not  to  create 
mechanical  problems. 

The  present  work  is  a  contifiuation  of  the  initial  investigations 
of  detached  surfaces  by  Dr.  Q.  K.  Kort>acher  (Reference  3).  The  test 
equipment  was  basically  similar,  except  tiiet  the  cuxzqiressed  air,  pre¬ 
viously  piped  to  one  side  of  the  settling  chamber,  was  supplied  symmeti  i- 
cally  to  both  sides  (see  Figure  4).  The  eectkm  dT  thin  wall  pipe  down^tieam 
of  the  cooler  was  removed,  and  two  flexible  pieces  of  piping  were  located 
just  upstream  of  the  settling  chamber;  the  letter  was  completely  freed  of 
the  weight  and  the  reaction  forces  of  the  fixed  piping. 

The  purpose  of  this  eiqMrlnwntel  investigation  was  to  determine 
the  effect  of  vertical  and  horizontal  gap  slsee  on  subsonic  and  overchoked 
jet  sheets,  which  are  produced  by  a  rectangular  convergent  nozzle,  as  a 
function  of  the  nozzle  pressure  ratio,  the  jet  sheet  thickness,  and  the 
radius  of  a  smoothly -curved  deflection  surface.  Vertical  and  horizontal 
forces  acting  on  the  deflection  surfaces  were  to  be  measured  by  means  of 
a  strain  gauge  balance.  Also,  center-lr’a  surface  pressure  distributions 
were  to  b3  recorded  for  comparison  with  pressure  coefficients  predicted 
by  a  simple  theory. 
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SIMPLE  JET  SHEET  FLOW  THEORY 

The  fundamental  theory  of  jet  sheet  bending,  offered  in  Refer¬ 
ences  3  and  5,  is  summarized  here  for  convenience.  The  bending  of  a  jet 
sheet  with  one  free  and  one  bound  surface  (Coanda  deflected  jet  sheet)  is 
produced  by  a  pressure  difference  across  it.  The  pressure  at  the  bound 
surface.  Pg,  is  less  than  the  pressure  at  the  free  surface,  P^,  which  is 
assumed  to  be  atmospheric.  This  pressure  difference,  AP,  is  the  result 
of  a  suction  pressure  along  the  solid  surface,  and  is  due  to  viscous  effects 
which  entrain  the  air  trapped  between  the  surface  and  the  jet  sheet  into  the 
jet  sheet. 


Consider  an  element  of  flow,  dm,  in  a  thin  jet  sheet  of  high  aspec 
ratio  (defined  as  w/t)  and  assume  that  t  ■<><:  Rq.  that  the  jet  momentum 
along  the  sheet  is  constant,  and  that  the  pressure  gradient  across  the  jet 
sheet  is  ne.;;ligible  (see  Figure  2).  In  addition,  the  flow  is  considered  to 
be  loss-free  and  two-dimensional. 


The  centrifugal  force,  F^,  and  the  pressure  force,  Fp, 
on  the  flow  element  are  in  radial  equilibrium,  and  are  given  by 

V2 

^  R  de  dR  R  de  dP  . 


acting 


(1) 


then  as 


The  pressure  difference  across  the  curved  jet  sheet  follows 

AP  -  (Ps  -  Pa)  =  -p  —  v2  =  .  (2) 

R  ■‘*2 


Since  the  thrust  per  unit  jet  sheet  width  is 

Th  •  >'tv2 

"AP"  can  also  be  expressed  as 


AP 


H 


Let  us  now  define  a  pressure  coefficient  as 

AP 

^  y2 


(■^) 


(4) 


(5) 


which,  after  substitution  of  equation  (2)  into  equation  (5),  becomes 

Cp  —  I  .  (6) 

This  pressure  coefficient,  for  a  given  jet  sheet  thickness  and  Coanda  sur¬ 
face  radius,  is  a  constant  and  independent  of  pressure  ratio. 
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For  incompressible  flow,  the  pressure  difference  across  the 
curved  jet  sheet  can  be  expressed,  using  Bernoulli's  theorem  - 


^V2 

=  (Pt  -  Pa 

(7; 

AP  =  - 

2t 

-R  <Pt  -  Pa' 

(8) 

AP 

=  -  —  =  Cpi  . 

R 

(9) 

(PT-Pa  ) 

For  compressible  flow,  however. 


AP  = 

must  be  used. 

R  2 

Therefore, 

AP 

=  - 

2 

-  2t  .  Y 

(Pt  -  Pa) 

R 

'  (Pt  ■  Pa) 

IT 

Since,  for  compressible  flow,  the  dynamic  head  pressure  is  given  by 


and,  therefore. 


AP 

(Pt  -Pa) 


1 

Y 


'Pc 


at 

-  ^  . 


(11) 


(12) 

(13) 


Roderick  (Reference  5)  has  developed  an  expression  for  the 
theoretical  pressure  coefficient  of  a  thick  Jet  sheet  (t<  R^,  but  of  the 
samo  order  of  magnitude)  bending  over  a  curved  deflection  surface.  From 
his  assumptions  that  the  flow  is  loss-free  and  two-dimensional,  and  that 
the  pressure  gradient  across  the  Jet  sheet  is  not  negligible,  the  following 
incompressible  pressure  coefficient  has  been  derived: 


^  ’  2t 

■r  m 

.  t 

m 

t 

^Pi  R 

'  ■"2R“J”  ‘^Pi 

These  simple  expressions  are  very  useful  for  a  physical  inter - 
i  relation  and  understanding  of  some  of  the  characteristics  of  curved  jet 
sheets  with  a  free  surface  on  one  side. 
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TEST  FACILITIES 


Compressed  air  was  produced  by  a  small  gas  turbine  air 
bleed  engine.  The  compressor  was  able  to  deliver  a  maximum  weight 
flow  of  2.  7  pounds  per  second  and  to  achieve  a  maximum  pressure 
ratio  of  3.7.  The  engine  was  supported  on  a  simple  box  frame  and 
mounted  in  a  small  soundproof  room.  Intake  and  cooling  air  for  the 
engine  and  engine  room  respectively  was  obtained  through  a  window 
open  to  the  outside  of  the  laboratory,  and  the  engine's  exhaust  gases 
were  ducted  outside  to  a  vertically  mounted  muffler.  Additional  infor¬ 
mation  about  the  compressed  air  system  and  turbine  installation  can  be 
found  in  References  2  and  4.  The  air  pressure  and  mass  flow  were 
remotely  controlled  at  an  instrument  panel  outside  of  the  engine  room. 

After  leaving  the  engine,  the  hot  compressed  air  was  diffused 
to  an  8-inch  diameter  pipe,  and  then  passed  through  a  cooler  which 
utilized  the  main  water  supply.  As  the  temperature  of  the  bleed  air 
could  be  as  high  as  230°C,  a  large  water  cooler,  which  is  able  to  re¬ 
duce  it  to  approximately  15°C,  was  used. 

Immediately  downstream  of  the  cooler,  an  immersed  glass 
thermometer  was  located  to  record  the  temperature  of  the  compressed 
air.  Next,  a  gate  valve  was  located,  since  two  other  test  rigs  were 
supplied  from  the  same  compressed  air  source.  Farther  downstream 
was  a  mass  flow  orifice  measuring  section  with  its  two  pressure  taps 
connected  to  a  water  U-tube  manometer.  BeyouU  this,  the  5  inch  piping 
was  divided  into  two  branches  of  6-inch  disuneter  piping.  Two  pieces  of 
corrugated  double-walled  flexible  piping,  each  followed  by  a  6-inch  by 
8-inch  diffuser,  completed  the  air  passage  from  the  compreisor  to  the 
symmetrical  iiUets  of  the  settling  chamber. 
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TEST  RIG 

The  air  entered  a  24 -inch  diameter.  horizontaUy  mounted,  Mttliag 
chamber.  The  chamber  had  two  flat  ends;  one  was  solid,  the  other  hwl 
an  opening  into  which  a  bell -mouth  collector  was  fitted  (see  Figure  Z). 

The  purpose  of  the  collector  and  settling  v-;hamber  was  to  provide  good  flow 
characteristics  to  the  uiterchangeable  nozzle  attached  to  the  downstream 
end  of  the  collector. 

The  rectangular  convergent  nozzles  which  were  used  in  this 
experiment  were  installed  by  bolting  them  to  the  flanged  end  of  the  bell 
mouth  or  contraction  section  mounted  in  the  eno  of  the  settling  chamber. 

The  nominal  exit  hei|,hts  of  these  nozzles  were  1/ 16-inch  and  1 /4-inch. 

Since  each  nozzle  was  made  from  four  machined -steel  sections  which  were 
welded  together,  warping  resulted  and  the  exit  heights  were  not  uniform 
across  the  span  of  the  nozzle.  The  average  exit  heights  were  measured  as 
0,  0674-inch  and  0.  2560-inch  respeciively. 

The  settling  chamber  was  supported  by  four  aircraft  cable  flex¬ 
ures  attached  to  a  steel  framework,  which  Is  bolted  to  the  concrete  floor. 
These  flexures  were  to  permit  frictionless  fore  and  aft  movement  at  the 
settling  chamber,  which  was  separated  by  means  of  the  previously  men- 
‘ioned  flexible  piping  from  the  rigid  piping. 

The  leading  edge  of  the  deflection  surface  had  to  be  adjusted  in 
such  a  way  as  to  maintain  its  relative  position  with  reqpect  to  the  nozsle 
lip  under  all  load  conditions.  A  camera  was  nsed  to  rec^ord  the  multitube 
manometer  readings  of  the  pi  ««suri8  along  tits  Coer  ia  surface.  The  total 
head  pressure,  total  air  ten^Mrature,  OMs  flow  readings  wsre  also  taken. 

Instrumentation 

The  basic  tnstrumsntattbn  oonsistsd  of  a  nuiltitcdM  mercury  ma¬ 
nometer  (fifty  4S-lo^  bbes  tilth. reservoirs),  a  total  head 
mercury  manomeUir  with  a  radge  of  IK  Uielhes,  a  manometer  for 

mass  flow  meaaurement.  and  s  two-cothpoMal  strain  gangs  balance.  Due 
to  the  delayed  delivery  ai  a  mnltltslhs  wpttt  manometer,  mercury  had  to  be 
used  as  a  manometer  fluid  ior  all  pressttro  ratios.  At  a  nominal  prsasure 
ratio  of  1. 1  and  a  jet  sheet  ttiiekness  of  iMd-inch.  ttie  surface  presnire 
measurements  in  inches  of  mercury  were  unreliable. 

The  multitube  manometer  was  connected  to  the  eurface  pressure 
t  ips  drir  3d  along  the  center  line  of  the  deflection  surface  (see  Figure  lb). 

The  tot  1  head  manometer  was  connected  to  the  parallel  section  of  the  bell 
mouth  jUst  upstream  of  the  nozzle  attachment  flanf^.  The  orurice  plate 
was  located  in  the  8 -inch  piping,  upstream  of  the  settling  chamber  (see 
Figure  4).  The  two  pressure  taps,  located  in  the  p4)ing  at  speir'tfied  distances 
from  the  orifice  plate,  were  connected  to  a  U-tube  manometer.  The  flow 
temperature  was  measured  just  downstream  of  the  water  cooler. 
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An  SR -4  strain  indicator  was  used  in  combination  with  a  multi¬ 
deck  switch.  Hence,  it  was  possible  to  read  all  the  strain  incre  lents  with 
one  meter  and  without  too  much  time  delay. 

The  effects  of  pressure  fluctuatins  on  pressure  readings  were 
minimized  by  photographing  the  multitube  maromeier  which  recorded  the 
pressure  distributions  along  the  deflection  surfaces.  The  camera  produced 
4-  by  5 -inch  plate  negatives. 

Due  the  high  noise  level  of  the  jet  sheet,  normal  voice  commu¬ 
nication  between  the  operators  was  impossible.  Carbon  throat  microphones 
and  soundproof  earphones  which  were  connected  to  an  aircraft  inter¬ 
communication  amplifier  provided  satisfactory  voice  contact. 

Force  Balance  and  Deflection  Surface's 


It  had  been  the  practice  in  earlier  Coanda  Effect  in’  estigations, 
to  attach  the  deflection  surface  rigidly  to  the  nozzle.  In  this  study  the 
deflection  surface  was  not  rigidly  attached  to  the  nozzle  exit.  The  two 
main  advantages  of  detached  deflection  surfaces  are  as  follows:  1)  allow¬ 
ance  for  greater  flexibility  in  the  testing  of  different  surfaces.  2)  design 
of  the  force  balance  exclusively  for  the  forces  acting  on  the  deflection 
surfaces  and  independent  of  the  dead  weight  of  the  piping  .system. 

The  general  layout  of  the  force  balance  and  deflection  surface 
mounting  is  shown  in  Figure  3.  The  deflectitm  surface  being  tested  is 
attached  to  the  mounting  plate  by  two  bolts.  Fig'irc  3  al;>o  shows  that  the 
deflection  surface  mounting  column  and  its  adjustment  screws  are  attached 
to  a  base  plate.  The  base  plate  is  connected  to  the  horizontal  and 
vertical  force  measuring  beams  by  six  rigid  pin -jointed  links. 

In  the  ends  of  these  Ikiks  are  small  needle  roller  bearings  whicn 
keep  friction  forces  at  a  miniiiuim.  With  the  assumption  that  the  balance 
system  experiences  small  rotations  only,  the  vertical  links  transmit  the 
vertically  appliad  fores,  and  the  horisontal  links  rotate  without  transmitting 
any  force;  convexaely  for  a  horizontally  applied  force.  Sidesway  of  the 
system  is  prevented  by  two  wire  braces,  which  do  not  introduce  any  con¬ 
straints  in  the  vertical  or  horizontal  directions. 

The  curved  surfaces  tested  were  circular  arcs  in  shape  (quadrants) 
machined  from  solid  aluminum  blocks.  A  series  of  static  pressure  holes, 
located  on  the  center -line  of  these  surfaces,  were  provided  to  measure 
the  surface  pressure  distribution.  Each  surface  was  fitted  with  Plexiglas 
side  plates  (see  Figure  lb)  to  eliminate  flow  separation  and  flow  entrainment 
from  the  side.  These  side  plates  were  made  at  least  as  high  as  the  maximum 
nozzle  exit  height  used  in  this  investigation.  The  quadrant  could  be  moved 
vertically  and  horizontally  with  respect  to  the  nozzle  to  obtain  any  practical 
gap  size  desired. 
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EXPERIMENTAL  PROCEDURE 


The  purpose  of  this  experimental  investigat^'vn  was  to  explore  the 
effect  of  gap  size  -  both  vertical  and  horizontal,  Heiwcen  deflectiem  surface 
and  nozzle  -  on  the  proficiency  of  flow  turaing.  'ihe  basic  tejt  /ariables 
were  the  nozzle  pressure  ratio,  the  deflection  surface  radius,  and  th<*  jet  slot 
thickness  for  two-dimensional  converg-mt  nozzles. 


Balance  Calibration 

The  lift  force  fensing  elements  'vhich  consisted  of  four  steel  flexures 
mounted  horizontally,  and  joined  to  the  base  plate  by  means  of  the  vertical  links, 
restrained  vertical  forces  acting  on  the  deflection  Surface  (see  Figure  3),  The 
fore  and  aft  movement  of  the  deflection  surface  wn.s  restrained  by  two  vertically 
mounted  steel  flexures.  The  horizontal  fle'^ures,  which  ha.e  a  strain  gauge 
bonded  on  both  the  top  and  bottom  surfaces,  are  mounted  in  two  pairs,  and 
th‘’ir  strain  is  read  as  "lift  front"  and  "lift  rear".  Tha  total  lift  force  acting 
on  the  deflection  surface  is  enual  to  he  algebraic  sum  of  the  lords  restrained 
by  the  front  and  rear  pair  of  flexures.  The  "drag"  strain  is  measured  by 
means  of  the  strain  gauges  on  each  side  of  the  vertically  mounted  flexures . 

This  two -component  balance  was  calibrated  by  applying  loads  in- 
cren.en tally  to  the  deflection  surface  mouiithag  plate  atim  of  the  supporting 
pylon.  First,  a  vertical  load  was  applied,  and  ttie  "lift  front" -."lift  rear"-, 
and  "drag" -strain  readings  were  recorded.  This  load  was  increased  slowly 
to  aoproximately  62  pounds,  than  removed  in  a  similar  manner.  The  stram 
readings  were  recorded  during  the  increesing  and  decreasing  of  the  applied 
load  to  ascertain  the  amount,  if  an^.  of  Iqrstereeis  in  the  balance  system. 

The  resulting  calibrations  indioatsd  a  aegligft»le  smoent  of  stored  energy  for 
the  range  of  applied  loads.  Second,  the  loading  process  was  repeated  for 
a  horizontally  applied  load.  Vrom  these  messorements,  the  flexure  spring 
constants  were  obtained.  By  appljring  a  pars  Itfl  or  drag  load  separately, 
it  was  determined  that  there  was  seg^igihls  iatsrsotkm  between  the  vertical 
and  horizontal  sensing  units,  at  least  for  small  rotatiens  ol  the  base  plate. 

During  the  course  of  tho  eiqterimmit,  two  strain  gauges  began  to 
separate  from  the  flexures  dus  to  the  deterioration  of  the  bonding  agent 
caused  by  high  frequency,  vibratory  loads  on  ihe  steel  flexures.  These 
faulty  gauges  wire  removed,  and  replaced  wi^  new  ones.  Calibration  of  the 
balance  was  repeated  after  each  gauge  installation  to  verify  that  rhe  cali¬ 
bration  factors  were  not  affected  by  the  re i  oval  of  the  steel  flexures  from 
the  balance. 


At  the  time  of  the  initial  test  runs  at  high  pressure  ratios,  it  was 
discovered  that  a  small  portion  of  the  deflected  jet  sheet  was  impinging  on 
the  plate  which  supports  the  deflection  surface  pyl<Mi,  and  produced  an  error 
in  the  strain  reading,  especial];^  for  the  "lift  front".  For  this  iuqsingement  to 


9 


...  ...  iiiii»i«>iim«liMHIi 


occur,  a  part  of  the  jet  sheet  must  have  experienced  a  turning  angle  in  ex¬ 
cess  of  90°.  The  piece  of  dexion  cross -support  which  is  parallel  to  the 
deflection  surface  (see  Figure  lb)  is  actually  well  under  and  behind  the 
trailing  edge  of  the  deflection  surface  so  as  to  avoid  interference  with  the 
jet  sheet.  It  was  used  to  support  a  thin  sheet  of  steel  which  was  installed 
to  make  sure  that  under  no  circumstances  could  the  deflected  jet  sheet  hit  the 
balance  platform. 

The  lower  end  of  this  curved  piece  of  steel  rested  on  a  thick  sheet 
of  plywood  which  was  attached  by  hinges  at  its  top  'o  the  framework  support¬ 
ing  the  settling  chamber;  the  floor  supported  the  other  end  of  the  plywood  sheet. 

Testing 

The  tests  were  conuucted  in  two  parts.  The  first  part  employed  a 
rectangular  convergent  nozzle  of  t  =  1,  16-inch  (8  inches  wide),  which  was 
operated  at  nominal  nozzle  pressure  ratios  of  1.1,  I.  2,  1,  7,  and  2.  2.  The 
horizontal  gap,  £  ,  between  the  nozzle  and  the  leading  edge  of  the  deflection 
surface  was  varied  from  X/t  -  0  to  JL/t  =  32.  The  vertical  displace¬ 
ment,  a,  of  the  deflection  surface  normal  to  the  jet  was  varied  from 
a/t  =  0,  -  equivalent  to  proper  alignment  of  the  surface  leading  edge  with 

the  lower  lip  of  the  nozzle  -  to  flow  separation  at  approximately  a/t  =  8. 

The  deflection  surfaces  were  combinations  of  a  1 /4-inch-thick  flat  plate,  at 
zero-degree  angle  of  attack,  followed  by  quadrants  of  =  2-,  3-,  an'' 

4-inch  radius.  Side-plates  were  installed  on  the  8- inch-wide  deflection 
surfaces  to  simulate  two-dimensional  flow.  Horizontal  and  vertical  forces  due 
to  the  jet  acting  on  the  deflection  surface  were  recorded  by  means  of  a  strain 
gauge  balance.  Static  pressure  distributions  on  the  deflection  surface  were 
also  recorded,  except  for  a  pressure  x  atio  of  1.1,  because  a  multitube 
water  manometer  could  not  be  made  available  in  time  for  the  tests. 

The  second  part,  similar  to  the  first,  was  conducted  with  a  convergent 
nozzle  of  t  ®  1/4-lnch.  The  variation  of  "  jfc  /t"  was  from  zero  to  eight, 
and  that  of  "a/t"  from  zero  to  flow  separation,  at  approximately  two.  Nominal 
pressure  ratios  for  these  tests  were  confined  to  1.  1,  1.2,  and  1.7.  An 
attempt  to  operate  at  a  pressure  ratio  of  2.  2  had  to  be  di.scontinued  due  to 
extremely  high  noise  levels  generated  by  the  high  velocity  air  blowing  over 
the  sharp  edge  of  the  flat  surface  which  precedes  the  quadrants.  No  effort 
was  made  to  dctcrininc  the  magnitude  of  this  aerodynamic  noise,  as  it  was  con¬ 
sidered  to  be  beyond  tlie  range  of  the  available  measuring  equipment.  The 
noise  level  was  estimated  in  excess  of  150  decibels. 

Surface  pressure  distributions  and  forces  acting  on  the  deflection 
surface  were  also  recorded.  The  j'’.  sheet  temperature  was  kept  at  approxi¬ 
mately  15  °C. 

Using  one  particular  nozzle -deflection  surface  combination  and 
keeping  both  the  nominal  pressure  ratio  and  horizontal  gap  constant,  the 
vertical  gap  was  varied  from  the  zero  position  to  flow  separation  in  incre- 
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merits  of  1/16 -inch.  This  procedure  was  repeated  for  the  other  tiiree 
pressure  ratios.  The  horizontal  gap  was  then  changed,  and  the  tests  were 
repeated  as  outlined  above.  After  five  horizontal  gapsCO  inch  to  2  inches 
in  1/2 'inch  increments)  had  been  tested,  the  second  nozzle  was  installed, 
and  the  complete  test  program  was  performed  again.  Two  other  deflectitm 
surfaces  were  used  in  similar  series  of  tests. 

Althou^  the  forces  -  lift  (vertical)  and  drag  (horizontal)  -  acting 
on  the  deflection  surfaces  were  measured  by  the  strain  gauge  balance,  they 
could  also  be  obtained  by  integrating  the  surface  pressure  distribution 
over  the  deflection  surface.  The  Ames  dial  (see  Figure  lb)  rigidly  mounted 
to  the  settling  chamber  at  the  nozzle  attachment  flange,  was  located  so  that 
it  could  measure  the  vertical  travel  of  the  leading  edge  of  the  deflection 
surface  from  the  zero  position.  The  spindle  was  always  raised  and  locked 
to  prevent  its  interference  with  the  jet  sheet  as  well  as  the  force  measurement 
during  a  run. 

Accuracy 


The  pressure  distributions  on  the  deflection  surface  were  obtained 
from  the  photographs  of  the  multitube  xnanomste:.  The  photo  negatives  were 
projected,  and  could  be  read  with  reasonable  securacy  to  the  nearest  1/100 
inch  of  mercury.  Since  the  pressure  vsluss  at  the  lower  iMrsssure  ratios 
in  combination  with  the  nozzle  exit  height  of  t  •  1/16  inch  svsrsgsd  1/4  inch 
of  mercury,  an  error  of  4  percent  in  the  sorfnos  prsssars  is  possible  st 
the  lower  pressure  ratios.  However,  t^  error  decreases  with  incressing 
pressure  ratio  to  less  then  1  percent.^  The  totpl  head  prsssura  (maaaurad 
in  the  parallel  section  of  the  hell  .qpihhresin  oi  the  nossle  sttachment 

flange)  was  reed  in  all  cases  with  m  soaiaraGy  of  1  percent  or  last.  Hence, 
the  measured  preeeure  coetfleleiits*  uneorractsd  tor  flow  compressibility, 
have  an  accuracy  of  spproximstaly  6  ptresf^  The  sacurscy  of  the  lift  and 
drag  force  measurements  ^rtassd  with  iaersasing pressure  ratio,  because 
at  large  horizontal  gaps  (1  inch  to  I  inehM)  the  d^setioo  surface  experienced 
a  vibratory  motion,  the  amplitude  of  whicb  increased  ir  proportion  to  the  total 
head  pressure.  This  load  fluctiiatioo  mads  the  strain  readings  rather  difficult 
to  obtain.  However,  s  5  percent  error  in  the  force  msssurements  is  con- 
.sidered  to  be  somewhat  conservative. 

Another  cause  for  variatitm  in  the  results  was  found  to  be  tlwir 
sensitivity  to  the  relative  position  of  the  leading  edge  of  the  deflection  surface 
to  the  lip  of  the  nozzle.  Proper  level  alignn  ent  was  difficult  since  the  nozzle 
slots  were  not  perfectly  uniform  in  height,  t  td  alignment  was  subject  to 
correction  with  changing  forces  on  the  deflec  tion  surface.  The  effect  of 
improper  alignment  is  examined  in  more  detail  in  the  DISCUSSION  OF  RESULTS. 
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PRESENTATION  OF  RESULTS 


The  majority  of  the  experimental  results  which  ere  presented  in 
this  report  consist  of  the  scirface  pressure  distributions  and  pressure 
coefficients.  The  pretsure  distributions  are  plotted  in  two  ways.  For  a 
particular  nozzle  and  deflection  surface  combination,  the  variation  of  the 
pressure  distribution  along  the  Coanda  surface  with  pressure  ratio  for 
various  gap  sizes  is  demonstrated.  Using  the  sa  ne  data  but  replotting  for 
a  constant  pressure  ratio,  the  variation  in  surface  pressure  distribution 
with  deflection  surface  radius  is  shown.  This  method  of  data  presentation 
was  repeated  for  the  pressure  coefficients  whicii  •  cc>’’rected  for  flow 
compressibility. 

Since  this  experiment  involved  the  use  of  five  Different  parameters 
which  were  also  varied  (4 -P.  n. 's,  2-t'8,  S-Rq's.  5-  /'s.  and  approximately 
8-a's)  nearly  1000  separate  tests  were  performed.  Hence  only  a  small, 
but  significant,  portion  of  the  test  results  have  been  presented.  All  measure  - 
ments  taken  fori=  L 5  inches  have  been  omitted  except  those  of  the  lift  forces 
in  Figures  28  to  33  inclusive.  In  selecting  the  cases  to  demonstrate  the 
effects  of  the  vertical  gaps,  four  values  were  chosen.  These  consisted  of 
zero  vertical  gap,  two  values  between  1/16  and  1/4  inch  inclusive 
(depending  on  the  jet  sheet  tnicUneas),  and  a  vertical  gap  just  before  the 
flow  detached  from  the  deflection  surface. 

The  vertical  (lift)  and  horizontal  (drag)  forces  acting  on  the  deflection 
surface  wars  calculatsd  from  ths  strain  gauge  readings.  Some  of  these 
values  were  plotted  for  Rq  ■  3  hidies  to  show  how  the  lift  and  drag  forces 
are  affected  by  ttie  also  of  the  verttcsl  gap.  However,  all  of  the  values  of 
the  measured  lift  forcM  wore  nan*dlmansionslized  by  the  product  of  the 
total  hssd  prsosoro  and  aossls  exit  area.  These  values  were  then  plotted 
to  demonstrate  how  the  llftferoe  variod  with  the  radius  of  the  deflection 
•urface;  ths  presiMmo  rnUo  was  solectsd  as  ths  parameter.  The  composite 
set  of  graphs  wore  nrraofsd  to  show  eonvoniently  the  effects  of  both  the 
vertical  md  horlsonlal  gap  alaat.  Tha  mm -dimensional  lift  forces  were 
also  plottsd  agshist  vertleai  gap  slss  for  two  horizontal  gaps  and  three 
quadrants.  Again,  ths  preasars  ratio  waa  chosen  as  the  parameter.  Further 
to  assist  in  ths  tmdsrsisnding  of  ths  affect  of  gap  size  on  the  lift  force, 
the  non-dimensional  lift  forces  were  multiplied  by  100,  and  the  values 
were  plotted  at  a  point  on  a  grid  which  represented  the  size  of  the  gap. 
Contours  of  isolift  lines  were  drawn.  The  sign  convention  used  with  the.se 
fo.'ces  is  shown  In  Figure  2. 

In  plotting  the  pressure  coefficients,  no  attempt  was  ’nade  to  connect 
the  points  of  a  constant  pressure.  The  addition  of  such  lines  would  complicate 
the  display  and  tc  id  to  show’  that  the  compressible  pressure  "o^fficients 
are  dependent  on  pressure  ratio  even  when  allowance  is  made  for  experi¬ 
mental  errors  in  the  readings  (see  Figures  I4b,  a/t  =  0,  and  l?d.  a/t  =»  3/4). 
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In  non-dimensionalizing  "a",  "  j|  and  "a",  the  nominal  eidm 
of  "t"  was  used.  For  ease  of  conr^arison,  the  numerical  value  of  the 
theoretical  pressure  coefficients  (  -2t/R)  shown  in  Figures  13  to  19  watt 
determined  from  the  nominal  value  of  "t"  and  the  radius  of  the  deflection 
surface,  Rq. 

When  the  graphs  were  initially  plotted,  a  point  was  used  as  the 
symbol  for  P.  R.  m  1.2.  During  the  final  preparation  of  the  graphs,  the 
points  were  made  larger  and  appeal'  as  solid  circles  -  the  same  size  as  the 
open  circles  used  for  P.  R.  m  1.  7.  In  the  case  where  the  plotted  values  for 
P.  R.  »  1.2  and  P.  R.»  1.7  are  approximately  equal,  only  the  solid  circle 
is  visible.  Appendix  I  gives  the  exact  pressure  ratios  used  during  the 
particular  tests.  The  figures  state  the  nominal  pressure  ratio.  It  was 
intended  to  show  the  theoretical  pressure  coefficient  line  (  -2t/R)  on  all 
graphs  on  which  the  measured  pressure  coefficients  are  sliown.  But,  due 
to  insufficient  space,  several  graphs  had  to  be  cropped  so  that  the  data  for 
four  vertical  gap  sizes  could  be  displayed  on  one  page.  Hence,  the 
theoretical  curve  is  shown  only  where  space  permits. 

Configuration  Notation 

The  nozzle  and  deflection  surface  coztdBiBatioiis  are  summarized 
by  a  notation  which  is  shown  in  the  following  sxain|>le; 

t  1/18  -  F  1/4  -  Rq  a.O 

This  presentation  is  interpretstt,  lefi  4o  right,  u  Ifatt  order  in  which  ttw 
jet  sheet  travels  from  ths  houitt  h>  Ihtt  irttillttg  ttdgs  of  the  dofloction 
surface:  that  is,  ths  j«t  shtttt  omrrgett  fTtotts 

t  1/16  m  the  rttcfttWfttmrilMIttttrgttnt  nosslw  which 
hea  WiMtttthi 

®r.'r  ■'(  ' 

then,  with  or  without  tm  ttlr  g«d  ttttiiltt  id  dofloctiM  ourfhco. 

it  crosses 

F  1/4  m  1  initUlfltttpittltt  ttttfftteoof  1/4-hicii 

widhi  folitttFttd  hgr  •  gttttdnt 
Rq  2. 0  tti  of  2'liich  rttdiott. 
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DISCUSSION  OF  RESULTS 


(a)  Pressure  Distribution 


(i)  Figures  5  to  10 

Figures  5  to  10  inclusive  present  the  change  in  pressure,  AP, 
along  the  curved  jet  sheet  and  are  plotted  against  the  non-dimensional 
distance,  s/t,  from  the  leading  edge  of  the  deflection  surface.  Pq-'/Pg,  the 
nozzle  pressure  ratio,  is  tlie  parameter.  Four  combinations  of  vertical 
and  hoi’izontal  gap  sizes  were  selected  for  each  figure  to  show  the  effect 
of  the  gap  size  on  the  pressure  distribution  for  a  particular  nozzle  and 
deflection  surface  combination.  In  plots  of  large  vertical  gap  sizes 
(e.  g.  ,  Figure  5  (iii'  various  "a/t"  values  had  to  be  shown  since  the 
ultimate  "a/t"  change^  with  pressure  ratio.  In  these  cases,  the  gap  closest 
to  the  one  prior  to  flow  detachment  was  then  plotted. 

From  any  of  these  graphs,  it  is  evident  that  two  regions  of  flow 
adjustment  exist.  In  between  these  two  reg.ons,  the  flow  follows  the 
constant  curvature  of  the  quadrant. 

In  general,  the  first  region  of  flow  adjustment  was  found  to  extend 
approximately  one  inch  downstream  from  the  leading  edge  of  the  deflection 
surface,  and  to  be  independent  of  the  configuration  tested.  The  length  of 
the  subsequent  attached  flow  region  increased,  of  course,  with  increasing 
radius  of  the  deflection  surface,  but  decreased  with  increasing  size  of  the 
vertical  gap.  The  length  of  the  second  region  of  flow  adjustment  (the  regioi 
between  the  attached  flow  and  the  trailing  edge  of  the  deflection  surface 
where  the  flow  has  adjusted  itself  to  the  atmospheric  pressure)  indicated 
a  similar  variation  with  "Rq"  and  "a".  Further,  this  variation  due  to  "a" 
was  enhanced  when  "X  "  was  .  toreased.  It  is  believed  that  the  reduction 
in  the  length  of  the  attached  flow  region  is  caused  by  the  growth  in  thiVkaesj 
and  decrease  in  momentum  of  the  jet  sheet,  caused  by  entrainment  on  the 
lower  side  of  the  jet,  and  resulting  in  a  reduction  (i,  e. .  less  negative)  in 
"  AP"  across  the  jet  sheet. 

In  P'igure  5(i),  for  example,  the  first  static  pressure  tap  in  the 
centre  of  the  1 /4-inch-wide  initial  flat  plate  shows  a  AP  *  0  for  P.  R.-sl.  . 
but  for  P.  R.»l.  7  and  2.  2,  "  AP"  is  positive.  This  indicates  that  high 

velocity  air  from  the  jet  sheet  was  entering  the  pressure  tap.  It  is  the 
result  of  improper  alignment  of  the  nozzle  lip  with  the  leading  edge  of  the 
deflection  surface,  that  is,  a/t  -cO.  In  Figure  5(ii),this  same  pressure 
tap  measured  an  extremely  large  negative  "  AP"  for  high-pressure  ratios 
as  a  result  of  th''  underside  entrained  air  ahead  of  the  deflection  surface  bei 
forced  around  the  sharp  corner  of  the  leading  edge,  thus  lowering  the  static 
pr  essure  further. 

Figures  8  to  10  inclusive  are  pressure  plots  for  the  t  =  1/4 -inch 
nozzle.  Due  to  the  thicker  jet,  the  pressure  force  required  to  bend  the  jet 
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sheet  is  greater ,  and  the  ultimate  vertical  gap  sizes  are  smaller  than  for 
t  =  1/16  inch. 

The  scatter  in  the  pressure  readings,  especially  for  configuration 
t  I /4  -  FI /4  -  Rq  3.  0.  is  caused  by  imperfect  flushness  of  the  pressure 
taps  in  the  quadrant. 

(ii)  Figures  11  and  12 

Figures  11  and  12  show  "AP"  for  H  ~  1 /2-inch  and  various  "a/t", 
as  a  function  of  the  deflection  surface  radius,  R^.  The  theoretical  relation¬ 
ship  given  by  equation  (4)  stating  that  "AP"  at  constant  jet  sheet  thrust  is 
inversely  proportional  to  the  jet  sheet  radius,  R,  is  qualitatively  verified 
in  these  two  figures.  Also,  this  relationship  suggests  that  the  integrated 
pressure  force  on  the  deflection  surface  is  independent  of  "R";  and  hence, 
both  the  lift  and  drag  forces  should  be  independent  of  "R"  or  "Rq".  This 
latter  hypothesis  was  also  confirmed  and  is  illustrated  in  Figures  26  and  27. 

(iii)  Figure  13 

Korbacher  in  Figure  4a  of  Reference  3  demonstrated  that  when  his 
Cp.  =  AP/(Pt  ■  Pa)  values  are  plotted  for  four  different  pressure  ratios, 
they  do  not  collapse  -  at  least  in  the  attached  flow  region  where  the  flow 
follows  the  quadrant  curvature  -  into  the  predicted  single  horizontal  line 
for  incompressible  or  compressible  flow,  given  by  Cp^  •  -2t/R,  (see 
equation  (9)).  If,  however,  equation  (13),  which  accounts  for  compressibility, 
is  used,  Korbacher  in  Figure  4b  of  the  same  Reference  illustrated  that  the 
pressure  coefficient  for  compressible  and  incompressible  flows,  (Jp  =  -2t/R, 
is  independent  of  pressure  ratio. 

In  Figure  13  the  values  of  "AP"  along  with  the  corresponding 
values  of  "Cp^"  are  plotted  to  demonstrate  again  that  the  pressure  coefficients 
corrected  for  compressibility  effects  are  independent  of  pressure  ratio. 

FJven  for  a  thick  jet  (t  ■  a/ 4  inch). agreement  between  Korbacher's  theory 
and  the  experimental  results  is  quite  satisfactory  in  the  attached  flow  region 
where  the  jet  sheet  follows  the  curvature  of  the  deflection  surface.  If  the 
simpie  theory  v/ould  also  include  the  viscous  losses  In  the  flow,  agreement 
between  the  theoretical  line  and  the  experimental  values  in  the  attached  region 
would  be  still  better. 

(b)  Pressure  Coefficients 


(i)  Figures  14  to  21 

The  assure  coefficients  plotted  in  these  figures  have  all  been 
correctr’d  for  flow  compressibility.  The  graphs  of  one  figure.  Figure  14a 
for  example,  are  plotted  to  show  the  effect  of  the  vertical  gap,  keeping  the 
horizontal  gap  constant.  At  a/t  =  0,  the  static  pressure  tap  in  the  centre  of 
the  1 /4-inch  -  wide  initial  flat  plate  measured  near  atmospheric  pressure. 
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As  ”a/t''  was  increased,  the  "AP"  measured  at  thi.  tap  became  negative,  anc 
approached  a  constant  value.  Subsequent  pressure  taps  show  increasing 
suction  pressures  on  the  deflection  surface  and,  thex  cMore,  indicate  a  stronge 
bending  of  the  jet  sheet  with  increasing  vertical  gap.  This  phenomenon  is 
observed  more  easily  in  these  figures  than  in  those  which  show  the  'AP'g  , 
since  two  more  vertical  gap  sizes  are  shown  for  a  consJant  "  X/t". 

In  Figure  14a,  for  a/t  =  2  and  4,  the  suet  •  n  pressure  is  smaller 
(less  negative)  at  the  end  of  the  first  region  of  flew  ad,ustment  than  it  is 
for  a/t  =  0.  As  the  vertical  gap  increases,  the  suct’or.  pressure  in  this  re¬ 
gion  increases,  and  the  depression  in  the  curves  wide  ns  and  becomes  more 
shallow.  Just  before  the  flow  detaches  (a/t=»6),  no  evidence  of  this  depressic 
is  visible. 


If  tic  suction  pressure  increases  by  increasing  the  size  of  vertical 
gaps,  then  this  behaviour  should  result  in  an  increase  of  the  lift  force 
exerted  on  the  quadrant  by  the  curved  jet  sheet  flow.  This  prediction  is 
observed  in  Figures  22  to  33  inclusive. 

The  effect  of  increasing  "X  /t"  is  shown  by  comparing  Figures  14b, 
c.  and  d  with  14a  for  a  constant  "a/t".  Since  the  radius  of  curvature  of 
the  flow  between  the  nozzle  exit  and  attachment  to  the  deflection  surface  in¬ 
creases  with  increasing  horizontal  gap,  the  suction  pressure,  AP,  becomes 
less  negative,  and  the  point  of  flow  attachment  to  the  deflection  surface  mov» . 
toward  the  leading  edge  of  the  deflection  surface. 

The  effect  of  the  horizontal  gap  size  on  the  pressure  distribution, 
and  hence,  Cp,  was  small  for  values  of  "X  "  equal  to  one  inch  or  less;  for 
larger  values,  the  effect  was  more  pronounced  and  "AP"  beceme  less 
negative.  The  measured  lift  and  drag  forces  acting  on  the  deflection  surface 
experienced  this  same  effect  of  horizontal  gap  size,  and  are  shown  in 
Figures  22  to  25  inclusive. 

The  relationship  between  the  theoretical  and  measured  pressure 
coefficients  shows  good  agreement  in  the  region  of  the  attached  flow  for 
small  vertical  and  horizontal  gaps.  As  the  size  of  the  gap  increases,  the 
measured  values  become  less  negative  In  comparison  with  the  theoret'cal 
values.  This  variation  between  the  two  values  which  is  caused  mostly  with 
increasing  horizontal  gap  is  primarily  due  to  the  assumption  that  the  jet  sheet 
has  one  fre  .*  and  one  bound  surface.  This  is  not  the  case,  especially  for 
X  -  Rq  =  2.  0  inches,  because  the  jet  sheet  actually  starts  with  two  free  sur¬ 
faces  and  then,  upon  bending  over  the  quadrant,  the  lower  surface  becomes 
bound.  Also,  the  losses  due  to  viscous  effects  are  greater  for  a  jet  with 
two  free  surfaces. 
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Probing  the  jet  sheet  would  be  most  beneficial  in  explaining  the 
effect  which  the  gap  size  has  on  the  pressure  distr  ibution  and  measured 
forces  ar  mg  on  the  deflection  surface.  It  would  also  be  interesting  to 
see  the  behaviour  of  the  mixing  cone  in  the  jet  sheet  as  a  function  of  gap 
size.  Since  the  length  of  the  mixing  cone  is  proportional  to  the  nozzle  exit 
height,  thicker  jet  sheets  can  bridge  larger  horizontal  gaps.  For  the  same 
reason,  thin  jet  sheets  can  bridge  larger  vertical  gsqps. 

The  pressure  coefficients  for  the  other  two  quadrants  and  the 
1/16 -inch  nozzle  are  shown  along  with  the  same  three  quadrants  am.  the 
1 /4-inch  nozzle.  Figures  20  and  21  are  plots  of  the  pressure  coefficients 
determined  from  the  "AP's"  shown  in  Figures  11  and  12  respectively. 

( c )  Measured  Lift  and  Drag  Forces 

(i)  Figures  22  and  23 

In  Figure  22a,  the  vertical  gap  is  vari'id,  keeping  "PT^Pa" 

"  JL  /t '  constant,  to  show  its  effect  on  the  measured  lift  and  drag  forces 
acting  on  a  deflection  surface.  It  is  quite  evident  that  the  measured  drag 
forces  were  influenced  by  the  size  of  the  vertical  gap,  the  drag  decreasing 
with  increasing  "a/t".  llie  drag  force  measured  is  the  resultant  horizontal 
force  acting  on  the  quadrant.  Flow  which  was  entrained  by  the  underside 
of  the  jet  sheet  created  a  suction  force  that  acted  on  the  back  of  the  quadrant 
and  opposed  the  suction  force  on  the  deflection  surface  itself. 

The  lift  force  initially  increased  and  then  decre^ed  when  "a/t" 
was  Increased  until  the  jet  sheet  detached  from  the  quadrant;  both  lift 
and  drag  then  fell  off  to  zero.  As  the  horizontal  gap  is  increased  from 
JL  It  •  0  for  a/t  •  0  and  constant,  some  of  ttie  jet  sheet  flow  is  peeled  off 
by  the  leading  edge  of  the  quadrant;  and  rolults  in  a  pressure  force  on  the 
back  of  the  quadrant.  This  pressure  force,  when  added  to  the  integrated 
horizontal  prsssure  force  acting  on  the  deflectioo  surface,  produced  a  drag 
force  larger  than  the  lift  force  (see  Figures  22a  and  22b).  As  the  vertical 
gap  was  increased  for  a  conatant  "  X  /t".  this  pressure  force  became  a 
suction  force  and  the  net  drag  force  experime^  a  reduction. 

In  Figure  22b  for  Z/t  ■  16,  the  peculiar  shape  of  the  lift  and  drag 
curve  for  P.R.el.  7  and  2.  2  is  unexplainable,  especially  since  it  occurred 
for  both  Rq  *  2  and  4  inches.  Howevei;  it  did  not  occur  at  all  for  t*  1/4  inch 

(see  Figures  23??  and  23H). 

No  attempt  was  made  to  show  the  ultimate  value  of  "a/t"  at  which  the 
flow  broke  away  from  the  deflection  surfaces.  It  may  be  mentioned,  however, 
that  the  "a/t"  at  which  the  flow  separated  increased  with  increasing  values 
of"Ro”.  This  is  seen  in  Figures  26  and  27.  The  difference  between  the  lift 
and  orag  forces  for  a  constant  "a/t",  was  proportional  to  the  pressure  ratio. 


17 


Since  the  measured  drag  force  represented  the  net  horizontal  force 
on  the  quadrant  rather  than  the  horizontal  force  acting  on  the  deflection 
surface,  no  further  analysis  of  the  drag  force  was  considered, 

r'rom  Figui  es  7  and  10,  the  areas  under  the  pressure  curves  for 
P.  R.»l.  2  and  1.  7  were  determined  with  a  planimeter,  and  the  resultant 
forces,  Fri  ,  acting  on  the  deflection  surfaces  were  calculated.  From  the 
measured  lift  and  drag  forces,  corresponding  resultant  forces,  Frm«  were 
determined.  These  resultant  forces  are  compared  for  various  gap  sizes  in 
Appendix  II. 

For  a/t  =  0  and  JL-\l2  inch,  "Frm  "  greater  than  ’’Fj..''  because 
'  D"  is  composed  of  forces  which  are  additive.  If.  then,  the  vertical  gap 
is  increased.  "F^j^"  becomes  greater  than  ''l^r^i"  since  the  "secondary"  drag 
force  (acting  on  the  back  of  the  quadrant)  now  acts  opposite  to  the  positive 
drag  direction.  For  X  =  2.  0  inches,  the  difference  between  the  resultant 
forces  is  still  larger. 

(d)  Non-PimenBional  Lift 

(i)  Figures  24  and  25 

The  measured  lift  forces  were  non-dimensionalized  by  dividing 
them  by  "PtAn"»  *uid  then  were  plotted  in  these  two  Figures  for  two  horizont  i 
gaps.  Note  tnat  the  thicker  the  jet  sheet,  the  smaller  the  vertical  gap 
the  jet  sheet  can  bridge  before  it  detaches  from  the  deflection  surface. 

This  behavior  is  due  to  the  fact  that  a  thicker  jet  sheet  requires  a  stronger 
"Ap"  to  bend  it  around  a  given  curvature.  However,  "AP"  can  be  made 
more  negative  only  as  long  as  the  suction  pressure  in  the  wedge  between 
the  deflection  surface  and  the  curved  jet  sheet  prior  to  its  attachment  can 
be  increased;  this  criterion  is  a  function  of  the  jet  sheet  entrainment  and 
wedge  angle.  Therefore,  tiie  thick  jet  sheet  detaches  when  its  optimum 
possible  "AP"  in  the  wedge  is  smaller  than  that  required  to  bend  the  jet 
sheet  enough  to  attach  itself  to  the  deflection  surface.  The  thin  jet  sheet 
detaches  when  the  mixing  has  penetrated  to  the  jet  sheetls  center,  thereby 
limiting  further  entrainment  and  higher  suction  pressures. 

Increasing  the  radius  of  the  deflection  surface  reduces  "AP"  and 
has  the  same  effect  as  decreasing  the  jet  sheet  thickness.  It  enables, 
therefore,  the  jet  sheet  to  bridge  larger  gaps  before  the  How  detaches. 

(ii)  Figures  26  and  2  7 

It  was  noted  in  Figures  11  and  12  that  the  integrated  pressure  forces 
on  the  deflection  surface  in  both  the  lift  and  drag  direction  should  be  inde¬ 
pendent  of  "Ro"-  To  verify  this  observation,  the  non-dimensional  lift  forces 
were  plotted  versus  the  three  deflection  surface  radii  for  a  constant  ”  X/t" 
and  "a/t".  In  general,  the  variation  of  "L/IPTfAN)"  with  "Rq"  is  negligiole, 
but  the  results  show  a  considerable  amount  of  scatter.  However,  if  the  values 
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are  compau*ed  for  a  constant  "Pj>lP^"  and  either  a  ccmstant  ”  i  ’*  or  'V*.  they 
exhibit  the  expected  trend.  It  is  evident  from  these  graphs  that  an  increase 
in  the  horizontal  gap  results  in  an  appreciable  decrease  in  the  lift  ftnree. 

But,  by  increasing  the  vertical  gap,  the  lift  force  approaches  a  constant 
value  and  then  reduces  to  zero  when  the  flow  detaches. 

In  several  of  the  graphs,  the  lift  curves  are  shown  partly  by  a  broken 
line  to  indicate  that  since  no  measured  value  was  available,  the  line  was 
simply  extrapolated.  The  results  of  the  1/ 4-inch  nozzle  are  shown  in  Figure  27, 

(e)  Isolift  Lines 


(i)  Figures  28  to  33 

Th**  non-dimensional  lift  forces  were  multiplied  by  100,  to  convert 
all  ratios  into  integers,  and  then  plotted  for  a  constant  pressure  ratio  (see 
Figure  28),  The  horizontal  and  vertical  axes  are  "tit”  and  "a/t”  respectively, 
and  are  positive  in  the  direction  shown. 

The  maximum  lift  force  occurs  for  a  horizontal  gap  ranging  from  zero 
to  1/4  inch.  As  the  pressure  ratio  is  increased,  this  maximum  lift  force 
shifts  to  larger  values  of  "a/t".  For  Pj^/P^  “  constant,  corresponding  iso¬ 
lift  lines  are  displaced  toward  larger  "X/t*' values  If  the  radius  of  the 
deflection  surface  is  increased. 

It  is  apparent  from  these  figures  for  constant  *' Jt/t" 

that  two  values  of  ''<t/t"  provide  the  seme  lift  force.  Therefore,  one  particular 
"a/t"  and  "  jC/t*  comoination  willgive  a  maximum  lift  force.  The  locus  of 
these  points  forms  the  gap  sise  required  for  optimum  lift.  As  "X/t"  in¬ 
creases  for  a  constant  "P.  R. "  the  ultimete  lift  force  occurs  for  larger 
"a/t".  For  overchoked  jet  sheets  (t  ■  lAlS-inch).  the  shape  of  the  optimum 
lift  line  was  affected  more  by  "a/t"  thstt  for  subsonic  jot  sheets  (see  Figure 
32).  A  boundary  line  which  separites  the  region  of  attached  and  detached 
flow  can  be  considered  to  be  located  at  ttm  bottom  of  each  eet  of  graphs  in 
these  Figures.  If  "s/t"  is  made  larger  than  the  vertical  gap  which  corrs  - 
sponds  to  the  limiting  lift  line,  the  ftow  will  detach.  Similarly,  if  "  X/t"  is 
increased,  «  horizontal  gap  will  be  reached  for  which  the  jet  aheet  contains 
insufficient  momentum  and  will  not  attach  itself  to  the  deflection  surface, 
because  the  "AP"  required  to  deflect  the  jet  sheet  will  twi  be  possible  to 
achieve.  Hence,  the  limiting  lift  line  must,  then,  turn  back  on  itself,  in 
the  same  manner  of  the  isolift  lines. 

Comparing  the  effect  of  jet  sheet  thickness  for  constant  "Rq"  and 
"P  R.  ",  it  is  seen  that  the  optimum  lift  line  occurs  for  larger  "a/t"  when  "t" 
it  lecreased.  Again,  it  is  illustrated  that  thicker  jet  sheets  have  a  smaller 
range  of  vertical  gap  sizes  if  the  flow  is  to  be  deflected  by  the  Coanda  surface. 
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naURE  14a.  EFFECT  OF  THE  VERTICAL  OAP  SIZE  ON  TEE  PRESSimi  COEFFiaENTB 

CCXUIECTED  FOR  FLOW  OOimkEBilBtUTY  AT  VARIOUS  NOZZLE  PRESSURE 
RATIOS 


FIGURE  14b.  EFFECT  OF  THE  VERTirAL  GAP  S  ZE  C9i  THE  PRESSURE  COEFFrClENTS 

CORRECTEI.  FOR  FLOW  COMPRE8SIBIUI Y  AT  VAmOUS  NOEZLE  PRESSURE 
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FIGURE  17a.  EFFECT  OF  THE  VERTICAL  GAP  SIZE  THE  PRESSURE  COEFnaENTS 

CORRECTED  FOR  FLOW  COMPREBSIBIUTY  AT  VARIOUS  NOZZLE  PRESSURE 
RATIOS. 
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FIGURE  I8a.  GFFECT  OF  THE  VERTICAL  GAP  nZB  ON  THE  PRE8BURE  COEFFlCIENn 

CORRECTED  FOR  FlOW  COMPRIBUBIUTY  AT  VARIOUB  NOZZLE  PRBHURE 
RATIOS. 


FIGUHE  I8b.  EFFECT  OF  THE  VERTICAL  GAP  SIZE  ON  THE  PRESSURE  COEFFiaENTS 

CORRECTED  FCMR  FLOW  COMPRESSIBILITY  AT  VARIOUS  NOZZLE  PRESSURE 
RATIOS. 


FIGURE  18d.  EFFECT  OF  THE  VERTICAL  CAP  SIZE  ON  THE  PRESSURE  COEFFiaENTS 

CORRECTED  FOK  FLOW  COMPRESSIBILITY  AT  VARIOUS  NOZZLE  PRESSURE 
RATIOS. 
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FIGURE  19d  EFFECT  OF  THE  VERTICAL  GAP  SIZE  OH  THE  PRESSURE  COEFFICIENTS 

CORRECTED  FOR  FLOW  COMPRESSmUTY  AT  VAIOOUS  NOZZLE  PRESSURE 


FIGURE  22a.  EFE'ECT  OF  THE  VERTICAL  GAP  SIZB  <»  THl  MKASUIUBD  UFT  AND  DRAG 
FORCES  ACTING  ON  trE  DEFLECTION  RJMPACS  AT  VAJUOUB  NOZZLE 
PRESSURE  RATIOS. 
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FIGURE  22b.  EFFECT  OF  THE  VERTICAL  GAP  SIZE  ON  THE  MEASURED  UFT  AND  DRAG 
FORCES  ACTING  ON  THE  DEFLECTION  SURFACE  AT  VARIOUS  NOZZLE 
PRESSURE  RA’nOS. 


60 


FIGURE  Z3a.  EFFECT  OF  THE  VERTICAL  GAI  SIZE  ON  THE  MEASURED  UFT  AND  DRAG 
FORCES  ACTING  ON  THE  DEFLECTION  SURFACE  AT  VARIOUS  NOZZLE 
PRESSURE  RATIOS. 
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nCURE  23b.  EFFECT  OF  THE  VERTICAL  GAP  SIZE  ON  THE  MEASUR 
FORCES  ACTING  ON  THE  DEFLECTION  SURFACE  AT  VA 
PRESSURE  RATIOS. 
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FIGURE  26b.  FFECT  OF  DEFLECTION  SURFACE  RADII  ON  7HE  NON  -DIMENSIONAL  U.  T 
FORCE  FOR  VARIOUS  HORIZONTAL  AND  VERTICAL  CAP  SIZES  AND  NOZZLE 
PRESSURE  RATIOS. 
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27a.  EFFECT  OF  DEFLECTION  SURFACE  RADII  ON  THE  NON-DIMENSIONAL  UFT 
FORCE  FOR  VARIOUS  HORIZONTAL  AND  VERTICAL  GAP  SIZES  AND  NOZZLE 
PRESSURE  RATIOS. 
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HGURE  27b  EFFECT  OF  DEFLECTION  SURFACE  RADII  ON  THE  NON-DIMENSIONAL  UFT 
FORCE  FOR  VARIOUS  HORIZONTAL  AND  VERTICAL  GAP  SIZES  AND  NOZZLE 
PRESSURE  RATIOS. 
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FIGURE  29.  CONTOURS  OF  CONSTANT  NON-DIMENSIONAL  UFT  FOR  VARIOUS  HORIZONTA 
AND  VERTICAL  GAP  SIZES  AND  NOZZLE  PRESSURE  RATIOS. 
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HGURE  31.  CONTOURS  OF  CONSTANT  NON-DIMENSIONAL  UFT  FOR  VARIOUS  HORIZONTAL 
AND  VERnCAL  GAP  SIZES  AND  NOZZLE  PRESSURE  RATIOS. 
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HGURE  33.  CCWTOURS  OF  CC»«TANT  NON-DIMENSIONAL  UFT  FOR  VARIOUS  HORIZONTAL 
AND  VERTICAL  GAP  SIZES  AND  NOZZLE  PRESSURE  RATIOe. 
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APPENDIX  I 


EXACT  PRESSURE  RATIOS  FX3R  PRESSURE  DISTRIBUTIONS. 
PRESSURE  COEFFICIENTS.  AND  MEASURED  FORCES  ACTING 
ON  THE  DEFLECTION  SURFACES  AS  IN  FIGURES  5  to  33  INCLUSIVE 
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Pt/p. 
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(l.D* 

fY/Pa 
(2.  2)* 

U.  0 

1.  10 

1.  20 

1.  71 

2.  22 
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0.  5 

1.  10 

1.  20 
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2.  20 
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1.  10 

1.  20 

1.71 

2.  19 

2.  0 

1.  10 

1.  20 

1.  71 

2.  25 

0.0 

1.  10 

1.  20 

1.  71 

.2.  21 

1  /16 

3 

0.  5 

1.  10 

1.  20 

1.  72 

2.  24 

1.0 

1.  10 

1.  20 

1.  73 

2.  20 

2.  0 

1.  10 

1.  19 

1.  70 

2.  22 

0.0 

1.  10 

1.21 

1.  71 

2.  22 

1/16 

4 

0.  5 

1.  11 

1.21 

1.71 

2.  28 

1.0 

1.  10 

1.21 

1.71 

2.  17 

2.0 

1.  10 

1.20 

1.71 

2.  22 
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1.  10 

1.20 

1.71 
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1/4 

2 

0.  S 

1.  10 

1.20 

1.71 

1.0 

1.  10 

1.20 

1.71 
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2.0 

1.  10 

1.20 

1.70 
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1.  10 

1.20 

1.70 

1/4 
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0.  5 

1.  10 

1.21 

1.70 

D 

1.0 

1.  10 

1.20 

1.70 

2.0 

1.  10 

1.20 

1.72 

A 

0.0 

1.  10 

1.20 

1.72 

T 

1/4 

4 

0.  5 

1.  10 

1.20 

1.69 

1.0 

1.  10 

1.  19 

1.72 

A 

2,0 

1.  10 

1.20 

1.71 

*  Nominal  pressure  ratio. 

Pressure  ratios  shown  in  the  Figures  are  average  values  during  a  test 
run;  i.  e. ,  a  =  0  to  flow  detachment  from  the  deflection  surface. 

77 


COMPARISON  OF  MEASURED  AND  INTEGRATED  RESULTANT  FORCES 
ACTING  ON  A  DEFLECTION  SURFACE 
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itationa  on  further  dinnommation  of  tha  raport.  othar  than  thoaa 
tmpoaad  by  aacurity  claaatfication,  uaing  atandard  atatemanta 
auch  an: 

<l)  "'OuaJifiad  raquaatara  may  obta  n  coptaa  of  thin 
raport  from  LEiC.  ’ 

(2>  **Foralgn  artnouncaowru  and  diaaamination  of  thia 
raport  by  DDT  la  not  aulhoriaad.  ” 

(3)  “U.  S  OovammatU  acancioa  may  obtain  copiaa  al 

thia  raporl  directly  fron  DDC.  Othar  qualilic-d  DDC 
uaara  ahall  roquaat  through 


(4)  "U.  t  aUlltary  agancloa  may  oMaIn  coptaa  of  thia 

raport  diractly  from  DDC.  Othar  qualiflad  uaaia 
ahall  roquaat  Ihrough 

(S>  *'A‘I  dianribullrv-  .f  Ihia  rapon  la  conirollad  (>ial- 

ifiad  DIX2  uaara  ahall  laquaai  Ihmuah 


If  tha  rapait  haa  haaa  fmalahad  to  tha  Olfica  ol  Tachnicat 
Ptrulcao,  Daparwaia  of  Caaiaiatcr,  for  aalo  to  ibe  public,  indi- 
eata  IIMa  fad  ahd  aalar  tha  prica.  If  knowra 
IL  PUm.BBBIITARY  NOTBP:  Uaa  (or  atMlliooal  aaplana- 


I  IP,  PPOMPORim  RBJTART  ACTIVITY:  Eaiar  tha  n.m«  of 
<ha  iMMliarala'  projaci  efilca  at  laboratory  aponaurint  fpoy- 
fiR  far>  tha  raaairch  aad  darolopaMnl.  Includa  addraav 
I J  ABSTRACT''  Enlar  an  abolraci  glytng  a  brief  and  fac  tual 
atmaaary  of  Iho  docomont  indicotiva  of  the  report,  even  ihough 
K  laoy  alao  appear  eiatnrhere  in  the  body  of  the  tech-iirat  re 
po.t.  H  addlllenal  apaee  la  required,  a  rontlnuatton  aheei 
ahall  ha  attachad. 

h  la  highly  dealrabla  ihal  iha  abttrarl  of  claaalfied  re 
parti  ba  urirlaaaifl.*d.  Each  paragraph  at  tha  abatract  hhdll 
and  with  an  Indication  of  the  military  aeciaiiy  clanriflcailon 
at  the  Inf-rrmoilon  in  toe  porograph,  repreyenled  an  ITS).  f.S) 
fC),  or  ft)) 

There  in  no  limitation  on  the  length  of  the  abatract  How- 
avtr.  Iha  aiiggealed  length  it  from  ISO  to  225  wo,dt 
14  KEY  CORDS  Key  wonta  are  technically  meaningful  lermn 
I  or  ahort  phratea  ihy.  chaianerire  a  report  ami  may  he  uied  a« 
indea  entrien  tor  catnlogina  the  report.  Key  worda  mutt  he 
aelecte.!  t«  that  nc  terurity  cltatlficatlon  ta  required  Ider 
tier*,  much  v  equipmera  mode',  deaigrotlon.  node  name,  mili 
lory  protect  c*  de  nome,  geographic  location,  moy  be  uaeO  aa 
fcey  worda  but  will  be  followed  by  an  indication  of  lechnu  al 
conioat.  The  naaigninent  of  linka.  ruloa.  and  weighta  la 
opfionol 


IrticUSBlfl^  _ _ 
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